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RECEIVING A QUERY REQUEST AT A SNAPSHOT
TIMESTAMP THAT REQUESTS RETURN OF AT LEAST
ONE DATA BLOCK FROM A PLURALITY OF DATA
BLOCKS THAT EACH INCLUDE A WRITE EPOCH
TIMESTAMP AND A CONVERSION INDICATCR
INDICATING WHETHER THE DATA BLOCK IS ACTIVE
AT THE SNAPSHOT TIMESTAMP OR HAS BEEN
CONVERTED AT A RESPECTIVE CONVERSION

TIMESTAMP 02

¥
SETTING A READ EPOCH TIMESTAMP EQUAL TO THE
EARLIEST ONE OF THE WRITE EPOCH TIMESTAMPS
CORRESPONDING TO THE DATA BLOCKS THAT ARE

ACTIVE AT THE SNAPSHOT TIMESTAMP 804

¥
DETERMINING WHETHER ANY OF THE RESPECTIVE

CONVERSION TIMESTAMPS OCCURRING AT OR
BEFORE THE SNAPSHOT TIMESTAMP OCCUR AFTER
THE READ EPOCH TIMESTAMP 608

A4

WHEN NONE OF THE RESPECTIVE CONVERSION
TIMESTAMPS OCCUR AFTER THE READ EPOCH
TIMESTAMP, DETERMINING THE AT LEAST ONE DATA
BLOCK REQUESTED BY THE QUERY REQUEST BY
SCANNING EACH OF THE DATA BLOCKS INCLUDING
CORRESPONDING WRITE EPOCH TIMESTAMPS
OCCURING AT OR AFTER THE READ EPOCH
TIMESTAMPS

08

FIG. 6
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METADATA MANAGEMENT FOR A
TRANSACTIONAL STORAGE SYSTEM

TECHNICAL FIELD

This disclosure relates to metadata management for a
transactional storage system.

BACKGROUND

As distributed storage (i.e., cloud storage) becomes
increasingly popular, performance metrics for very large
datasets has also become increasingly important. For
example, when querying a very large table (e.g., a table
multiple terabytes in size or larger) millions or more entries
are often scanned to successfully respond to the query. In
this scenario, the query can take several seconds to com-
plete. This delay is exacerbated when many queries are
received simultaneously.

SUMMARY

One aspect of the disclosure provides a method of meta-
data management for a transactional storage system. The
method includes receiving, at data processing hardware, a
query request at a snapshot timestamp. The query requests
return of any data blocks from a plurality of data blocks
stored on memory hardware in communication with the data
processing hardware that match query parameters. Each data
block includes a corresponding write epoch timestamp indi-
cating a point in time the data block was stored on the
memory hardware. Each data block further includes a cor-
responding conversion indicator indicating whether the data
block is active at the snapshot timestamp or has been
converted at a respective conversion timestamp occurring at
or before the snapshot timestamp. The method also includes
setting, by the data processing hardware, a read epoch
timestamp equal to the earliest one of the write epoch
timestamps corresponding to the data blocks that are active
at the snapshot timestamp. The method also includes deter-
mining, by the data processing hardware, whether any of the
respective conversion timestamps occurring at or before the
snapshot timestamp occur after the read epoch timestamp.
The method also includes, when none of the respective
conversion timestamps occurring at or before the snapshot
timestamp occur after the read epoch timestamp, determin-
ing, by the data processing hardware, whether any data
blocks match the query parameters indicated by the query
request by scanning each of the data blocks including
corresponding write epoch timestamps occurring at or after
the read epoch timestamp.

Implementations of the disclosure may include one or
more of the following optional features. In some implemen-
tations when at least one of the respective conversion
timestamps occurring at or before the snapshot timestamp
occur after the read epoch timestamp, determining, by the
data processing hardware, based on the at least one of the
respective conversion timestamps occurring after the read
epoch timestamp and at or before the snapshot timestamp, a
read lower bound timestamp that occurs before the read
epoch timestamp. In some examples, the method also
includes determining, by the data processing hardware, the
at least one data block requested by the query request by
scanning each of the data blocks including corresponding
write epoch timestamps occurring at or after the read lower
bound timestamp.
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Optionally, the method further includes updating, by the
data processing hardware, the read epoch timestamp to a
more recent point in time. In some examples, the method
includes, beginning at the read epoch timestamp, sequen-
tially scanning data blocks based on the respective write
epoch timestamp of each data block, and when the conver-
sion indicator of a scanned data block indicates the scanned
block is active, determining that the updated read epoch
timestamp is equivalent to the write epoch timestamp of the
scanned data block. Updating the read epoch timestamp may
further include, when the conversion indicator of each data
block indicates that each scanned data block is converted,
determining that the updated read epoch timestamp is
equivalent to the snapshot timestamp.

In some implementations, the method includes sequen-
tially scanning data blocks for a predetermined amount of
time. Sequentially scanning the data blocks may include
updating the write epoch timestamp of the data block with
the oldest write epoch timestamp that the conversion indi-
cator indicates is active.

Additionally, the method may include updating the write
epoch timestamp of the data block with the oldest write
epoch timestamp that is active and includes updating the
write epoch timestamp to a more recent point in time.
Updating the read epoch timestamp, in some examples,
occurs after a data block is converted. Optionally, updating
the read epoch timestamp occurs after a data block is
converted and a threshold period of time has passed since the
last point in time the read epoch timestamp was updated. In
some implementations, updating the read epoch timestamp
occurs after a predetermined amount of time has passed. The
plurality of data blocks my also include a table.

Another aspect of the disclosure provides a system for
metadata management for a transactional storage system.
The system includes data processing hardware and memory
hardware in communication with the data processing hard-
ware. The memory hardware stores instructions that when
executed on the data processing hardware cause the data
processing hardware to perform operations. The operations
include receiving a query request at a snapshot timestamp.
The query request requests return of any data blocks from a
plurality of data blocks stored on the memory hardware in
communication with the data processing hardware that
match query parameters. Each data block includes a corre-
sponding write epoch timestamp indicating a point in time
the data block was stored on the memory hardware. Each
data block further includes a corresponding conversion
indicator indicating whether the data block is active at the
snapshot timestamp or has been converted at a respective
conversion timestamp occurring at or before the snapshot
timestamp. The operations also include setting a read epoch
timestamp equal to the earliest one of the write epoch
timestamps corresponding to the data blocks that are active
at the snapshot timestamp. The operations also include
determining whether any of the respective conversion time-
stamps occurring at or before the snapshot timestamp occur
after the read epoch timestamp. The operations also include,
when none of the respective conversion timestamps occur-
ring at or before the snapshot timestamp occur after the read
epoch timestamp, determining whether any data blocks
match the query parameters indicated by the query request
by scanning each ofthe data blocks including corresponding
write epoch timestamps occurring at or after the read epoch
timestamp.

Implementations of the disclosure may include one or
more of the following optional features. In some implemen-
tations when at least one of the respective conversion



US 11,113,296 Bl

3

timestamps occurring at or before the snapshot timestamp
occur after the read epoch timestamp, determining based on
the at least one of the respective conversion timestamps
occurring after the read epoch timestamp and at or before the
snapshot timestamp, a read lower bound timestamp that
occurs before the read epoch timestamp. In some examples,
the operations also include determining the at least one data
block requested by the query request by scanning each of the
data blocks including corresponding write epoch timestamps
occurring at or after the read lower bound timestamp.

Optionally, the operations further include updating the
read epoch timestamp to a more recent point in time. In some
examples, the operations include, beginning at the read
epoch timestamp, sequentially scanning data blocks based
on the respective write epoch timestamp of each data block,
and when the conversion indicator of a scanned data block
indicates the scanned block is active, determining that the
updated read epoch timestamp is equivalent to the write
epoch timestamp of the scanned data block. Updating the
read epoch timestamp may further include, when the con-
version indicator of each data block indicates that each
scanned data block is converted, determining that the
updated read epoch timestamp is equivalent to the snapshot
timestamp.

In some implementations, the operations include sequen-
tially scanning data blocks for a predetermined amount of
time. Sequentially scanning the data blocks may include
updating the write epoch timestamp of the data block with
the oldest write epoch timestamp that the conversion indi-
cator indicates is active.

Additionally, the operations may include updating the
write epoch timestamp of the data block with the oldest write
epoch timestamp that is active and includes updating the
write epoch timestamp to a more recent point in time.
Updating the read epoch timestamp, in some examples,
occurs after a data block is converted. Optionally, updating
the read epoch timestamp occurs after a data block is
converted and a threshold period of time has passed since the
last point in time the read epoch timestamp was updated. In
some implementations, updating the read epoch timestamp
occurs after a predetermined amount of time has passed. The
plurality of data blocks my also include a table.

The details of one or more implementations of the dis-
closure are set forth in the accompanying drawings and the
description below. Other aspects, features, and advantages
will be apparent from the description and drawings, and
from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic view of an example system for
managing metadata for a transactional storage system.

FIG. 2 is a schematic view of an exemplary timeline that
includes a snapshot timestamp and a read epoch timestamp.

FIG. 3 is a schematic view of an exemplary timeline that
includes a snapshot timestamp, a read epoch timestamp, an
overlapping maximum timestamp, and an overlapping mini-
mum timestamp.

FIG. 4 is a schematic view of an exemplary timeline that
includes a snapshot timestamp, a current read epoch time-
stamp, and an updated read epoch timestamp.

FIG. 5 is a schematic view of an exemplary timeline that
includes a snapshot timestamp, a current read epoch time-
stamp, an updated read epoch timestamp, an original write
epoch timestamp, and a new write epoch timestamp.
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FIG. 6 is a flowchart of an example arrangement of
operations for a method of managing metadata for a trans-
actional storage system.

FIG. 7 is a schematic view of an example computing
device that may be used to implement the systems and
methods described herein.

Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

Distributed storage (i.e., cloud storage) has been increas-
ingly used to store tables of massive size. It is not uncom-
mon for a table to have a size of multiple terabytes or even
petabytes and to include millions of entries (i.e., data
blocks). Querying (i.e., reading) these tables is often on the
critical path for performance and attempting to scan or read
millions of data blocks during a query significantly degrades
operation of the distributed storage system as not only does
the query take considerable time to complete, but other
operations that depend upon the query must wait for it to
finish. Thus, it is advantageous to reduce the amount of time
a system requires to perform a query on a large table or other
data structure.

In some distributed storage systems, data blocks (e.g.,
entries in a table) are initially written to the data structure
(e.g., a table) in a write optimized format. At a later point in
time, each data block is converted to read optimized format.
When this occurs, a read-optimized version of the data block
is created and the write-optimized data block is flagged as
converted and marked for garbage collection (i.e., deletion).
Periodically the system will remove all converted and
marked data blocks (i.e., during a compaction step). This
method maintains acceptable write performance on inges-
tion while also maintaining acceptable read performance
after ingestion. Because the faster the data blocks are
converted, the better the read performance for those blocks
(which is key for real-time analytics), most systems attempt
to convert each data block as quickly as possible. For
example, an average amount of time for data conversion is
four minutes.

Typical distributed storage systems, when performing a
query on a large table, scan each data block. However, many
of these data blocks are write-performance data blocks that
have already been converted to read-performance data
blocks and marked for deletion. Scanning write-optimized
data blocks that have already been converted dramatically
increases the overall scan time without assisting the query.

Implementations herein are directed toward a metadata
manager for a distributed storage system that determines a
write epoch timestamp for each data block associated with
a table stored at the distributed storage system and a read
epoch timestamp for the table. Each write epoch timestamp
indicates a point in time the corresponding data block was
stored in the table. Additionally, each data block includes a
conversion indicator that indicates whether the data block is
active or whether the data block has been converted at a
respective conversion timestamp. The read epoch timestamp
is set equal to the earliest one of the write epoch timestamps
that are active. When receiving a read request at a snapshot
timestamp, the system reads the data blocks by scanning or
reading each of the data blocks that include a corresponding
write epoch timestamp occurring at or after the read epoch
timestamp.

Referring to FIG. 1, in some implementations, an example
system 100 includes a user device 10 associated with a
respective user 12 in communication with a remote system
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140 via a network 112. The user device 10 may correspond
to any computing device, such as a desktop workstation, a
laptop workstation, or a mobile device (i.e., a smart phone).
The user device 10 includes computing resources 18 (e.g.,
data processing hardware) and/or storage resources 16 (e.g.,
memory hardware).

The remote system 140 may be a single computer, mul-
tiple computers, or a distributed system (e.g., a cloud
environment) having scalable/elastic computing resources
144 (e.g., data processing hardware) and/or storage
resources 142 (e.g., memory hardware). A data store 146
(i.e., a remote storage device 146) may be overlain on the
storage resources 142 to allow scalable use of the storage
resources 142 by one or more of the client or computing
resources 144. The data store 146 includes a data block data
store 150 configured to store a plurality of data blocks 152,
152a-n stored within a data structure 158. In some examples,
the data structure 158 includes a table.

Each data block 152 includes a write epoch timestamp
154, 1544-n that indicates a point in time that the data block
152 was stored on the data block data store 150. Each data
block 152 also includes a conversion indicator 156, 156a-n
that indicates whether the data block 152 is active or has
been converted at a respective conversion timestamp 157,
157a-n. That is, each data block 152 includes a write epoch
timestamp 154 that generally indicates when the data block
152 was created (i.e., written to the data store 150) and, a
conversion timestamp 157 that indicates when the data block
152 was converted. Thus, the write epoch timestamp 154
and conversion timestamp 157 together indicate a “lifespan”
of the data block 152.

The remote system 140 is configured to receive a query
request 20 from the user device 10 via the network 112. The
query request 20, for example, includes a request to return
any data blocks 152R that match query parameters 21
included within the query request (e.g., contain a certain
keyword). Typically to complete the query request 20, each
active data block 152 must be scanned or read to determine
if the respective data block 152 satisfies the criteria of the
query request 20. The remote system 140 executes a meta-
data manager 160 that receives the query request 20. The
query request 20 includes a snapshot timestamp 22 that
indicates a point in time that the remote system 140 should
evaluate the data structure 158. That is, the snapshot time-
stamp 22 indicates a point in time between the current time
and a point in time when the data structure 158 was created
for use by the remote system 140 in evaluating the status
(i.e., active or converted) of each data block 152 when
performing the query. In some examples, the snapshot
timestamp 22 is the current time. In other examples, the
snapshot timestamp is an earlier point in time than the
current time.

The metadata manager 160 includes an epoch timestamp
generator 170 that sets a read epoch timestamp 172 equal to
the earliest one of the write epoch timestamps 154 corre-
sponding to the data blocks 152 that are active at the
snapshot timestamp 22 of the query request 20. That is, the
epoch timestamp generator 170 sets the read epoch time-
stamp 172 equal to the write epoch timestamp 154 (e.g., the
creation time) of the “oldest” still active (i.e., not converted)
data block 152. Put another way, every data block 152 with
a write epoch timestamp 154 that is before the read epoch
timestamp 172 has been converted.

Referring now to FIG. 2, an exemplary timeline 200
illustrates the lifespans of five data blocks 152a-¢ over time.
Each data block 152 has an associated write epoch time-
stamp 154a-e that corresponds with the point in time that the
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data block 152 was stored on the data store 150. The timeline
200 also illustrates the snapshot timestamp 22 that indicates
the point in time that the remote system 140 should use to
evaluate the data structure 158. Accordingly, data blocks
152a-c have a corresponding conversion timestamp 157a-¢
as each of the three data blocks 152a-c are converted by the
snapshot timestamp 22. It should be noted that the two data
blocks 152d, 152¢ do not have respective conversion time-
stamps 157 before the snapshot timestamp 22 as the data
blocks 152d, 152e are still active at the snapshot timestamp
22 (i.e., have not been converted). Thus, in this example,
there are three data blocks 152a-c converted and two data
blocks 152d, 152¢ active at the snapshot timestamp 22.
Here, the epoch timestamp generator 170 sets the read epoch
timestamp 172 to equal the write epoch timestamp 1544 of
the data block 1524, as the data block 1524 is the oldest still
active data block 152 at the snapshot timestamp 22 (i.e., all
earlier data blocks 152a-152¢ with an earlier write epoch
timestamp 154a-c¢ have been converted).

Referring back to FIG. 1, the metadata manager 160
includes a read lower bound determiner 180 that receives the
snapshot timestamp 22 and the read epoch timestamp 172
and determines whether any of the respective conversion
timestamps 157 occur after the read epoch timestamp 172.
When none of the respective conversion timestamps 157
occurring at or before the snapshot timestamp 22 occur after
the read epoch timestamp 172 (i.e., no “lifespans™ of con-
verted data blocks 152 overlap the read epoch timestamp
172), the read lower bound determiner 180 passes the read
epoch timestamp 172 to a data block scanner 190.

The data block scanner 190 determines whether any data
blocks 152R match the query parameters 21 indicated by the
query request 20 by scanning each of the data blocks 152
that include a corresponding write epoch timestamp 154 that
occurs at or after the read epoch timestamp 172 to complete
the query request 20. That is, in some examples, the read
epoch timestamp 172 establishes a read lower bound for the
data block scanner 190 (i.e., a bound on how far back in the
time the data block scanner 190 begins scanning), and the
data block scanner 190 begins scanning for the requested
data block(s) 152 at a point in time equal to the read epoch
timestamp 172 and only scans data blocks 152 that were
stored on the data store 150 after the read epoch timestamp
172. This is in contrast to a typical distributed storage system
that begins scanning at the beginning of the life of the data
structure 158 (i.e., the earliest write epoch timestamp 154).
When the data structure 158 includes a large number of
converted data blocks 152, and when the data block scanner
190 begins scanning at the read epoch timestamp 172
instead at time zero, the data block scanner 190 may greatly
reduce the total number of data blocks 152 that are scanned
in service of the query request 20. The data block scanner
190, after scanning the data blocks 152, returns any data
blocks 1528 to the user 12. Note that some query requests 20
result in no data blocks 152 matching the query parameters
21 and thus data block scanner 190 returns zero data blocks
152.

In some implementations, the read lower bound deter-
miner 180, when at least one of the respective conversion
timestamps 157 occurring at or before the snapshot time-
stamp 22 occur after the read epoch timestamp 172, deter-
mines, based on the at least one of the respective conversion
timestamps 157 occurring after the read epoch timestamp
172 and at or before the snapshot timestamp 22, a read lower
bound timestamp 182 that occurs before the read epoch
timestamp 17. The data block scanner 190 may receive the
read lower bound timestamp 182 (FIG. 3) and determine
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whether any data block 152R matches the query parameters
21 indicated by the query request 20 by scanning each of the
data blocks 152 that include corresponding write epoch
timestamps 154 occurring at or after the read lower bound
timestamp 182.

To provide further explanation, FIG. 3 illustrates another
exemplary timeline 300 showing the lifespans of the five
data blocks 152a-e. Like in the previous example (FIG. 2),
the read epoch timestamp 172 aligns with the write epoch
timestamps 154d of the data block 1524. Here, the read
lower bound determiner 180 determines an overlapping
maximum timestamp 184 and an overlapping minimum
timestamp 182 (also referred to previously as the read lower
bound timestamp 182). In the example shown, the lifespan
of some data blocks 152 overlap the read epoch timestamp
172. That is, for data blocks 1525, 152¢, the range between
the respective write epoch timestamp 1545, 154¢ and the
conversion timestamp 1575, 157¢ includes the read epoch
timestamp 172. Here, the read lower bound determiner 180
determines that the overlapping maximum timestamp 184 is
the maximum (i.e., most recent) conversion timestamp 157
of the overlapping data blocks 152. In this example, the
overlapping maximum timestamp 184 is equal to the con-
version timestamp 157¢ of the data block 152¢. In contrast,
the read lower bound determiner 180 determines that the
overlapping minimum timestamp 182 is equal to the write
epoch timestamp 154 of the minimum (i.e., the earliest)
write epoch timestamp 154 of the overlapping data blocks
162. In this example, the overlapping minimum timestamp
182 is equal to the write epoch timestamp 1545 of the data
block 1525.

In some examples, the read lower bound determiner 180
determines that the scan cannot commence at the read epoch
timestamp 172 because some overlapping data blocks 162
have not yet been converted. For example, when the snap-
shot timestamp 22 in between the read epoch timestamp 172
and the overlapping maximum timestamp 184, at least one
data block 152 overlaps with the read epoch timestamp 172
and beginning the scan at the read epoch timestamp 172
would skip an active data block 152. Thus, in this scenario,
the read lower bound determiner 180 instead determines that
the scan should begin at the overlapping minimum time-
stamp 182 (i.e., the read lower bound timestamp) and instead
passes this overlapping minimum timestamp 182 to the data
block scanner 190. In this case, the data block scanner 190
determines whether any data block 152R matches the query
parameters 21 indicated by the query request 20 by scanning
each of the data blocks 152 including corresponding write
epoch timestamps 154 occurring at or after the overlapping
minimum timestamp 182.

As time passes, the read epoch timestamp 172 will fall
further into the past and thus, as more data blocks 152 are
added to the data structure 158, beginning the scan at the
read epoch timestamp 172 loses effectiveness (i.e., more and
more data blocks 152 must be scanned). In some implemen-
tations, the epoch timestamp generator 170 updates the read
epoch timestamp 172 to a more recent point in time. When
updating the read epoch timestamp 172 to the more recent
point in time, the epoch timestamp generator 170 may,
beginning at the current read epoch timestamp 172C,
sequentially scan data blocks 152 based on the respective
write epoch timestamp 154 of each data block 152, and
when the conversion indicator 156 of a scanned data block
152 indicates the scanned block 152 is active, determine that
the updated read epoch timestamp 172U is equivalent to the
write epoch timestamp 154 of the scanned data block 152.
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Referring now to FIG. 4, another exemplary timeline 400
again illustrates the lifespans of the five data blocks 152a-e.
Here, the current read epoch timestamp 172C is equal to the
write epoch timestamp 154a of data block 152a. Since the
epoch timestamp generator 170 set the current read epoch
timestamp 172C to the write epoch timestamp 1544, the
system 100 has added additional data blocks 152 to the data
structure 158 such that there is an opportunity to move the
read epoch timestamp 172 to a more recent point in time.
Here, the epoch timestamp generator 170 begins sequen-
tially scanning data blocks 152 starting at data block 1525
(the most recent after the data block 152a) and continues
until a data block 152 is determined active. In this example,
based on the snapshot timestamp 22 (which here represents
the point in time that the epoch timestamp generator 170 is
attempting to update the read epoch timestamp 172), the
write epoch timestamp 1544 of the data block 1524 is
selected as the point in time for the updated read epoch
timestamp 1721J. As a result, subsequent scans by the data
block scanner 190 will now begin at the updated read epoch
timestamp 172U and be able to skip scanning data block
152a.

In some scenarios, when attempting to update the read
epoch timestamp 172 to a more recent point in time, the
conversion indicator 156 of each data block 152 indicates
that each scanned data block 152 is converted. When this
occurs, the epoch timestamp generator 170 determines that
the updated read epoch timestamp 172U is equivalent to the
snapshot timestamp 22, as all data blocks 152 (as of the
snapshot timestamp 22) are not active and may be skipped
during a scan by the data block scanner 190.

In some implementations, when the epoch timestamp
generator 170 is attempting to update the read epoch time-
stamp 172 by sequentially scanning each data block 152, the
epoch timestamp generator 170 sequentially scans data
blocks 152 for a predetermined amount of time. That is, in
some scenarios, it is desirable to limit an amount of time the
epoch timestamp generator 170 spends searching for an
updated read epoch timestamp 172U. In some examples, it
is desirable to limit the amount of resources dedicated to the
update process so that resources are not taken from servicing
query requests 20. In this scenario, when the epoch time-
stamp generator 170 reaches the threshold amount of time
without finding an active data block 152, the epoch time-
stamp generator 170 sets the updated reach epoch timestamp
172U to the most recently scanned (i.e., latest) write epoch
timestamp 154.

Referring now to FIG. 5, in some scenarios, another
exemplary timeline 500 shows that the data block 152 may
take an extraordinarily long time to convert. Here, data
block 152a has remained active for a period of time much
longer than any other data block 152b-e. In this case, the
current read epoch timestamp must remain set to the original
write epoch timestamp 154aa of the data block 1524 as the
data block 1524 remains active. This reduces effectiveness
as a substantial number of data blocks 152 with a write
epoch timestamp 154 later than the original write epoch
timestamp 154aa. In some implementations, the epoch time-
stamp generator 170 updates the write epoch timestamp 154
of the data block 152 with the oldest write epoch timestamp
154 that the conversion indicator 156 indicates is active.
That is, the epoch timestamp generator 170 may update the
write epoch timestamp 154 to a more recent point in time.

For example, the epoch timestamp generator 170 updates
the write epoch timestamp 154 to be equivalent to the
snapshot timestamp 22. The result of moving the write
epoch timestamp 154 forward in time (thus mimicking that
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the system added the data block 152 to the data structure 158
at a later point in time) allows for the opportunity to move
the read epoch timestamp 172 to a more recent point in time.
In the illustrated example, the epoch timestamp generator
170 updated the original write epoch timestamp 154aa to the
new write epoch timestamp 154ab, which in this case is
equivalent to the snapshot timestamp 22. However, the
epoch timestamp generator 170 may update write epoch
timestamp 154 to other values instead. In the current
example, this allowed the epoch timestamp generator 170 to
update the current read epoch timestamp 172C to the
updated read epoch timestamp 172U.

In some implementations, the epoch timestamp generator
170 periodically attempts to update the read epoch time-
stamp 172 (and, in some scenarios, the write epoch time-
stamp 154 of one or more of the oldest data blocks 152).
Optionally, the epoch timestamp generator 170 attempts to
update the read epoch timestamp after a data block 152 is
converted. The epoch timestamp generator 170 may require
a threshold amount of time to be satisfied before attempting
to update the read epoch timestamp 172. That is, the epoch
timestamp generator 170 may update the read epoch time-
stamp 172 after a data block 152 is converted and a threshold
period of time has passed since the last point in time the read
epoch timestamp 172 was updated.

Other events may also trigger the epoch timestamp gen-
erator 170. For example, the epoch timestamp generator 170
attempts to update the read epoch timestamp 172 after a
predetermined amount of time has passed since the last
update. The epoch timestamp generator 170 may attempt to
update the read epoch timestamp 172 in response to any
other event (e.g., the system 100 adding a data block 152 to
the data structure 158).

In some implementations, the metadata manager 160
stores multiple read epoch timestamps 172 per data structure
158. Each read epoch timestamp 172 represents the earliest
one of the write epoch timestamps 154 corresponding to the
data blocks 152 that are active at different snapshot time-
stamps 22. That is, the metadata manager may determine and
store read epoch timestamps 172 for different snapshot
timestamps 22 in order to increase scan efficiency for a
number of different snapshot timestamps. In some examples,
the metadata manager 160 may cache results from previous
query requests 20. The metadata manager may use the
cached results to adjust the read lower bound timestamp 182
for subsequent query requests 20.

FIG. 6 is a flowchart of an exemplary arrangement of
operations for a method 600 of managing metadata of a
transactional storage system. The method 600 includes, at
operation 602, receiving, at data processing hardware 144, a
query request 20 at a snapshot timestamp 22. The query
request 20 requests return of at least one data block 152R
from a plurality of data blocks 152 stored on memory
hardware 150 in communication with the data processing
hardware 144 that match query parameters 21. Each data
block 152 includes a corresponding write epoch timestamp
154 indicating a point in time the data block 152 was stored
on the memory hardware 150 and a corresponding conver-
sion indicator 156 indicating whether the data block 152 is
active at the snapshot timestamp 22 or has been converted at
a respective conversion timestamp 157 occurring at or
before the snapshot timestamp 22.

At operation 604, the method 600 includes setting, by the
data processing hardware 144, a read epoch timestamp 172
equal to the earliest one of the write epoch timestamps 154
corresponding to the data blocks 152 that are active at the
snapshot timestamp 22. At operation 606, the method 600
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includes determining, by the data processing hardware 144,
whether any of the respective conversion timestamps 157
occurring at or before the snapshot timestamp 22 occur after
the read epoch timestamp 172.

When none of the respective conversion timestamps 157
occurring at or before the snapshot timestamp 22 occur after
the read epoch timestamp 154, the method 600 includes, at
operation 608, determining, by the data processing hardware
144, whether any data block 152R matches the query
parameters 21 indicated by the query request 20 by scanning
each of the data blocks 152 that include corresponding write
epoch timestamps 154 occurring at or after the read epoch
timestamp 172.

FIG. 7 is schematic view of an example computing device
700 that may be used to implement the systems and methods
described in this document. The computing device 700 is
intended to represent various forms of digital computers,
such as laptops, desktops, workstations, personal digital
assistants, servers, blade servers, mainframes, and other
appropriate computers. The components shown here, their
connections and relationships, and their functions, are meant
to be exemplary only, and are not meant to limit implemen-
tations of the inventions described and/or claimed in this
document.

The computing device 700 includes a processor 710,
memory 720, a storage device 730, a high-speed interface/
controller 740 connecting to the memory 720 and high-
speed expansion ports 750, and a low speed interface/
controller 760 connecting to a low speed bus 770 and a
storage device 730. Each of the components 710, 720, 730,
740, 750, and 760, are interconnected using various busses,
and may be mounted on a common motherboard or in other
manners as appropriate. The processor 710 can process
instructions for execution within the computing device 700,
including instructions stored in the memory 720 or on the
storage device 730 to display graphical information for a
graphical user interface (GUI) on an external input/output
device, such as display 780 coupled to high speed interface
740. In other implementations, multiple processors and/or
multiple buses may be used, as appropriate, along with
multiple memories and types of memory. Also, multiple
computing devices 700 may be connected, with each device
providing portions of the necessary operations (e.g., as a
server bank, a group of blade servers, or a multi-processor
system).

The memory 720 stores information non-transitorily
within the computing device 700. The memory 720 may be
a computer-readable medium, a volatile memory unit(s), or
non-volatile memory unit(s). The non-transitory memory
720 may be physical devices used to store programs (e.g.,
sequences of instructions) or data (e.g., program state infor-
mation) on a temporary or permanent basis for use by the
computing device 700. Examples of non-volatile memory
include, but are not limited to, flash memory and read-only
memory (ROM)/programmable read-only  memory
(PROM)/erasable  programmable read-only —memory
(EPROM)/electronically erasable programmable read-only
memory (EEPROM) (e.g., typically used for firmware, such
as boot programs). Examples of volatile memory include,
but are not limited to, random access memory (RAM),
dynamic random access memory (DRAM), static random
access memory (SRAM), phase change memory (PCM) as
well as disks or tapes.

The storage device 730 is capable of providing mass
storage for the computing device 700. In some implemen-
tations, the storage device 730 is a computer-readable
medium. In various different implementations, the storage
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device 730 may be a floppy disk device, a hard disk device,
an optical disk device, or a tape device, a flash memory or
other similar solid state memory device, or an array of
devices, including devices in a storage area network or other
configurations. In additional implementations, a computer
program product is tangibly embodied in an information
carrier. The computer program product contains instructions
that, when executed, perform one or more methods, such as
those described above. The information carrier is a com-
puter- or machine-readable medium, such as the memory
720, the storage device 730, or memory on processor 710.

The high speed controller 740 manages bandwidth-inten-
sive operations for the computing device 700, while the low
speed controller 760 manages lower bandwidth-intensive
operations. Such allocation of duties is exemplary only. In
some implementations, the high-speed controller 740 is
coupled to the memory 720, the display 780 (e.g., through a
graphics processor or accelerator), and to the high-speed
expansion ports 750, which may accept various expansion
cards (not shown). In some implementations, the low-speed
controller 760 is coupled to the storage device 730 and a
low-speed expansion port 790. The low-speed expansion
port 790, which may include various communication ports
(e.g., USB, Bluetooth, Ethernet, wireless Ethernet), may be
coupled to one or more input/output devices, such as a
keyboard, a pointing device, a scanner, or a networking
device such as a switch or router, e.g., through a network
adapter.

The computing device 700 may be implemented in a
number of different forms, as shown in the figure. For
example, it may be implemented as a standard server 700a
or multiple times in a group of such servers 7004, as a laptop
computer 7005, or as part of a rack server system 700c.

Various implementations of the systems and techniques
described herein can be realized in digital electronic and/or
optical circuitry, integrated circuitry, specially designed
ASICs (application specific integrated circuits), computer
hardware, firmware, software, and/or combinations thereof.
These various implementations can include implementation
in one or more computer programs that are executable
and/or interpretable on a programmable system including at
least one programmable processor, which may be special or
general purpose, coupled to receive data and instructions
from, and to transmit data and instructions to, a storage
system, at least one input device, and at least one output
device.

A software application (i.e., a software resource) may
refer to computer software that causes a computing device to
perform a task. In some examples, a software application
may be referred to as an “application,” an “app,” or a
“program.” Example applications include, but are not lim-
ited to, system diagnostic applications, system management
applications, system maintenance applications, word pro-
cessing applications, spreadsheet applications, messaging
applications, media streaming applications, social network-
ing applications, and gaming applications.

These computer programs (also known as programs,
software, software applications or code) include machine
instructions for a programmable processor, and can be
implemented in a high-level procedural and/or object-ori-
ented programming language, and/or in assembly/machine
language. As used herein, the terms “machine-readable
medium” and “computer-readable medium” refer to any
computer program product, non-transitory computer read-
able medium, apparatus and/or device (e.g., magnetic discs,
optical disks, memory, Programmable Logic Devices
(PLDs)) used to provide machine instructions and/or data to
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a programmable processor, including a machine-readable
medium that receives machine instructions as a machine-
readable signal. The term “machine-readable signal” refers
to any signal used to provide machine instructions and/or
data to a programmable processor.

The processes and logic flows described in this specifi-
cation can be performed by one or more programmable
processors, also referred to as data processing hardware,
executing one or more computer programs to perform func-
tions by operating on input data and generating output. The
processes and logic flows can also be performed by special
purpose logic circuitry, e.g., an FPGA (field programmable
gate array) or an ASIC (application specific integrated
circuit). Processors suitable for the execution of a computer
program include, by way of example, both general and
special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a
processor will receive instructions and data from a read only
memory or a random access memory or both. The essential
elements of a computer are a processor for performing
instructions and one or more memory devices for storing
instructions and data. Generally, a computer will also
include, or be operatively coupled to receive data from or
transfer data to, or both, one or more mass storage devices
for storing data, e.g., magnetic, magneto optical disks; or
optical disks. However, a computer need not have such
devices. Computer readable media suitable for storing com-
puter program instructions and data include all forms of
non-volatile memory, media and memory devices, including
by way of example semiconductor memory devices, e.g.,
EPROM, EEPROM, and flash memory devices; magnetic
disks, e.g., internal hard disks or removable disks; magneto
optical disks; and CD ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or
incorporated in, special purpose logic circuitry.

To provide for interaction with a user, one or more aspects
of the disclosure can be implemented on a computer having
adisplay device, e.g., a CRT (cathode ray tube), LCD (liquid
crystal display) monitor, or touch screen for displaying
information to the user and optionally a keyboard and a
pointing device, e.g., a mouse or a trackball, by which the
user can provide input to the computer. Other kinds of
devices can be used to provide interaction with a user as
well; for example, feedback provided to the user can be any
form of sensory feedback, e.g., visual feedback, auditory
feedback, or tactile feedback; and input from the user can be
received in any form, including acoustic, speech; or tactile
input. In addition, a computer can interact with a user by
sending documents to and receiving documents from a
device that is used by the user; for example, by sending web
pages to a web browser on a user’s client device in response
to requests received from the web browser.

A number of implementations have been described. Nev-
ertheless, it will be understood that various modifications
may be made without departing from the spirit and scope of
the disclosure. Accordingly, other implementations are
within the scope of the following claims.

What is claimed is:

1. A method comprising:

receiving, at data processing hardware, a query request at
a snapshot timestamp, the query request requesting
return of any data blocks from a plurality of data blocks
stored on memory hardware in communication with the
data processing hardware that match query parameters,
each data block comprising:
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a corresponding write epoch timestamp indicating a
point in time the data block was stored on the
memory hardware; and

a corresponding conversion indicator indicating
whether the data block is active at the snapshot
timestamp or has been converted at a respective
conversion timestamp occurring at or before the
snapshot timestamp;

setting, by the data processing hardware, a read epoch

timestamp equal to the earliest one of the write epoch

timestamps corresponding to the data blocks that are
active at the snapshot timestamp;

determining, by the data processing hardware, whether

any of the respective conversion timestamps occurring

at or before the snapshot timestamp occur after the read
epoch timestamp; and

when none of the respective conversion timestamps

occurring at or before the snapshot timestamp occur
after the read epoch timestamp, determining, by the
data processing hardware, whether any data blocks
match the query parameters indicated by the query
request by scanning each of the data blocks comprising
corresponding write epoch timestamps occurring at or
after the read epoch timestamp.

2. The method of claim 1, further comprising, when at
least one of the respective conversion timestamps occurring
at or before the snapshot timestamp occur after the read
epoch timestamp:

determining, by the data processing hardware, based on

the at least one of the respective conversion timestamps
occurring after the read epoch timestamp and at or
before the snapshot timestamp, a read lower bound
timestamp that occurs before the read epoch timestamp;
and

determining, by the data processing hardware, whether

any data blocks match the query parameters indicated
by the query request by scanning each of the data
blocks comprising corresponding write epoch time-
stamps occurring at or after the read lower bound
timestamp.

3. The method of claim 1, further comprising updating, by
the data processing hardware, the read epoch timestamp to
a more recent point in time.

4. The method of claim 3, wherein updating the read
epoch timestamp comprises:

beginning at the read epoch timestamp, sequentially scan-

ning data blocks based on the respective write epoch

timestamp of each data block; and

when the conversion indicator of a scanned data block

indicates the scanned block is active, determining that

the updated read epoch timestamp is equivalent to the
write epoch timestamp of the scanned data block.

5. The method of claim 4, wherein updating the read
epoch timestamp further comprises, when the conversion
indicator of each data block indicates that each scanned data
block is converted, determining that the updated read epoch
timestamp is equivalent to the snapshot timestamp.

6. The method of claim 4, wherein sequentially scanning
the data blocks comprises sequentially scanning data blocks
for a predetermined amount of time.

7. The method of claim 4, wherein sequentially scanning
the data blocks comprises updating the write epoch time-
stamp of the data block with the oldest write epoch time-
stamp that the conversion indicator indicates is active.

8. The method of claim 7, wherein updating the write
epoch timestamp of the data block with the oldest write
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epoch timestamp that is active comprises updating the write
epoch timestamp to a more recent point in time.

9. The method of claim 3, wherein updating the read
epoch timestamp occurs after a data block is converted.

10. The method of claim 3, wherein updating the read
epoch timestamp occurs after a data block is converted and
a threshold period of time has passed since the last point in
time the read epoch timestamp was updated.

11. The method of claim 3, wherein updating the read
epoch timestamp occurs after a predetermined amount of
time has passed.

12. The method of claim 1, wherein the plurality of data
blocks comprise a table.

13. A system comprising:

data processing hardware; and

memory hardware in communication with the data pro-

cessing hardware, the memory hardware storing

instructions that when executed on the data processing

hardware causes the data processing hardware to per-

form operations comprising:

receiving a query request at a snapshot timestamp, the
query request requesting return of any data blocks
from a plurality of data blocks stored on the memory
hardware in communication with the data processing
hardware that match query parameters, each data
block comprising:

a corresponding write epoch timestamp indicating a
point in time the data block was stored on the
memory hardware; and

a corresponding conversion indicator indicating
whether the data block is active at the snapshot
timestamp or has been converted at a respective
conversion timestamp occurring at or before the
snapshot timestamp;

setting a read epoch timestamp equal to the earliest one
of the write epoch timestamps corresponding to the
data blocks that are active at the snapshot timestamp;

determining whether any of the respective conversion
timestamps occurring at or before the snapshot time-
stamp occur after the read epoch timestamp; and

when none of the respective conversion timestamps
occurring at or before the snapshot timestamp occur
after the read epoch timestamp, determining whether
any data blocks match the query parameters indi-
cated by the query request by scanning each of the
data blocks comprising corresponding write epoch
timestamps occurring at or after the read epoch
timestamp.

14. The system of claim 13, wherein the operations further
comprise, when at least one of the respective conversion
timestamps occurring at or before the snapshot timestamp
occur after the read epoch timestamp:

determining based on the at least one of the respective

conversion timestamps occurring after the read epoch
timestamp and at or before the snapshot timestamp, a
read lower bound timestamp that occurs before the read
epoch timestamp; and

determining the at least one data block requested by the

query request by scanning each of the data blocks
comprising corresponding write epoch timestamps
occurring at or after the read lower bound timestamp.

15. The system of claim 13, wherein the operations further
comprise updating the read epoch timestamp to a more
recent point in time.

16. The system of claim 15, wherein updating the read
epoch timestamp comprises:
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beginning at the read epoch timestamp, sequentially scan-
ning data blocks based on the respective write epoch
timestamp of each data block; and

when the conversion indicator of a scanned data block

indicates the scanned block is active, determining that
the updated read epoch timestamp is equivalent to the
write epoch timestamp of the scanned data block.

17. The system of claim 16, wherein updating the read
epoch timestamp further comprises, when the conversion
indicator of each data block indicates that each scanned data
block is converted, determining that the updated read epoch
timestamp is equivalent to the snapshot timestamp.

18. The system of claim 16, wherein sequentially scan-
ning the data blocks comprises sequentially scanning data
blocks for a predetermined amount of time.

19. The system of claim 16, wherein sequentially scan-
ning the data blocks comprises updating the write epoch
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timestamp of the data block with the oldest write epoch
timestamp that the conversion indicator indicates is active.

20. The system of claim 19, wherein updating the write
epoch timestamp of the data block with the oldest mite
epoch timestamp that is active comprises updating the write
epoch timestamp to a more recent point in time.

21. The system of claim 15, wherein updating the read
epoch timestamp occurs after a data block is converted.

22. The system of claim 15, wherein updating the read
epoch timestamp occurs after a data block is converted and
a threshold period of time has passed since the last point in
time the read epoch timestamp was updated.

23. The system of claim 15, wherein updating the read
epoch timestamp occurs after a predetermined amount of
time has passed.

24. The system of claim 13, wherein the plurality of data
blocks comprise a table.
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